Tropical seagrass meadows are highly productive ecosystems that thrive in oligotrophic environments. The Red Sea is characterized by strong N-S latitudinal nutrient and temperature gradients, which constrain pelagic productivity. To date, the influence of these natural gradients have not been assessed in metabolic rates for local seagrass communities. Here we report metabolic rates [gross primary production (GPP), respiration (R), and net community production (NCP)] in four common species of seagrass (Halodule uninervis, Halophila ovalis, Halophila stipulacea, and Thalassia hemprichii) along latitudinal and thermal gradients in the Red Sea. In addition, we quantified leaf nutrient concentration (nitrogen, phosphorous, and iron), and correlate this with latitude. Our results show that average metabolic rates and aboveground biomass of seagrass meadows in the Red Sea were generally in the lower range when compared to global values reported for the same species elsewhere. The optimum temperature of Red Sea seagrass meadows varied among species with increases along the sequence: H. stipulacea < T. hemprichii < H. uninervis ∼ H. ovalis. GPP for H. uninervis -a seagrass thermophile -was lowest in higher latitudes and increased toward lower latitudes during the summer months. While temperature was identified as a strong driver of metabolic rates across seagrass meadows, leaf concentration of phosphorous and iron (but not nitrogen) was below nutrient sufficiency thresholds, indicating these two elements might be limiting for seagrass meadows in the Red Sea.
INTRODUCTION
Seagrass meadows are found in shallow marine waters and are among the most productive ecosystems on Earth (Duarte and Chiscano, 1999) . As such, they have the capacity to act as intense carbon sinks and therefore are a fundamental blue carbon habitat Fourqurean et al., 2012) . Most of the regions occupied by seagrasses are located in shallow tropical waters, characterized by high light irradiance and temperature, and generally oligotrophic clear waters (Hemminga and Duarte, 2000) . Therefore, tropical seagrass productivity is often controlled by the availability of nutrients (Duarte, 1990; Duarte et al., 1995; Agawin et al., 1996) . In addition, the warm temperatures of tropical waters can play a key role in regulating the metabolism of seagrass meadows Pedersen et al., 2016) . Like many other marine organisms (Sibly et al., 2012; García et al., 2018; South et al., 2018) , seagrass generally increase its metabolic rate [e.g., photosynthesis and respiration (R)] until reaching an optimum temperature beyond which they decline, sometimes abruptly (Marbà and Duarte, 2010) . Similar to other marine coastal communities (O'Connor et al., 2009) , the metabolic thermaldependence of seagrasses is often regulated by nutrient availability (Anton et al., 2011) .
The Red Sea is the warmest sea in the world (Chaidez et al., 2017) . It is characterized by strong north-south temperature and nutrient gradients, with higher nutrient concentrations and warmer waters toward the Southern region (Raitsos et al., 2013; Chaidez et al., 2017) . These natural gradients render the Red Sea an optimal ecosystem to explore in situ drivers of seagrass productivity in tropical oligotrophic environments. Here seasonal changes in temperature have been identified as a strong driver of seagrass metabolism (Burkholz et al., 2019) , as well as for the calcification rates in the common reef-building coral Pocillopora verrucosa (Sawall et al., 2015) . Likewise, nutrient availability plays an important role for primary production in pelagic communities across the Rea Sea (López-Sandoval et al., 2019) . A recent study suggests that iron limits macrophyte production, including seagrasses, in the Red Sea basin , but not conforming to a simple latitudinal gradient (e.g., iron limitation did not increase toward the northern Red Sea). Furthermore, iron limitation has been reported, and experimentally verified for the dominant mangrove species Avicennia marina in the central region (Almahasheer et al., 2016) .
Despite being a hot spot for seagrass biodiversity, seagrasses within the Red Sea have been poorly studied (El Shaffai, 2011) . Here seagrass meadows are commonly found in lagoons, on coastal shallow slopes, and around islands Duarte et al., 2018) . Knowledge of metabolic rates of seagrass meadows in this region is limited and has only been studied in two locations, the central Red Sea (Burkholz et al., 2019) and the Gulf of Aqaba in the north (Bednarz et al., 2015; Cardini et al., 2018) . One recent study reports the metabolic rates of a meadow dominated by Enhalus acoroides, and a mixed meadow of Cymodocea serrulata and Halodule uninervis in a coastal lagoon in the central Red Sea (Burkholz et al., 2019) . Two additional studies in the Gulf of Aqaba, a cooler and unique northern region, describe the gross primary-and net production of Halophila stipulacea (Bednarz et al., 2015; Cardini et al., 2018) . A recent study assessing accumulation of organic carbon of five species of seagrasses in the Central Red Sea infers low net community production (NCP) rates and attributes this to the harsh environmental conditions, such as nutrient limitation and high temperature (Serrano et al., 2018) . Yet, there is limited knowledge about how local environmental parameters influence metabolic rates of Red Sea seagrass meadows, and how this compares to global estimates.
Here we describe the community metabolism of seagrass meadows along a natural latitudinal gradient in the Red Sea and elucidate potential environmental drivers. Specifically, we (i) describe the metabolic rates (Gross Primary Production-GPP, R, and NCP) and the GPP/R of meadows of five seagrass species (H. uninervis, H. ovalis, H. stipulacea, Thalassia hemprichii, and Thalassodendron ciliatum) at eight locations along a latitudinal gradient (temperature and productivity) in the Red Sea, (ii) assess their community thermal performance and thermal sensitivity, and (iii) quantify how seagrass community metabolism relates to changes in nutrient composition (Nitrogen, Phosphorus, and Iron concentration) within seagrass leaves. We anticipate low metabolic rates for seagrass meadows in the Red Sea due to extremely oligotrophic nature of the basin. In addition, seagrass meadows in this region grow in carbonate-rich sediments, where phosphorous (P) and iron (Fe) are bound in unavailable forms. Therefore, we hypothesize that seagrass meadows in the Red Sea are likely to be P and Fe limited, and possibly also N.
MATERIALS AND METHODS

Study Sites
Eight seagrass meadows were surveyed along the Saudi Arabian coast of the Red Sea (from 18.23 to 27.30 • N; Figure 1 and Supplementary Table S1), during the winter (January-March) and summer (July-August) of 2017. Four locations FIGURE 1 | Map showing the location of the eight seagrass meadows surveyed. The Farasan Banks were indicated as FB. The blue squares and red dots represent the meadows surveyed in the winter and summer of 2017, respectively. For additional information on the study sites see Supplementary  Table S1 .
Frontiers in Marine Science | www.frontiersin.org ( Supplementary Table S1 ) were visited in the winter and six in the summer, with the Farasan Banks, the southernmost location, only visited in the summer. The meadows were between 0.5 and 7 m depth across a range of environmental conditions. Temperature and salinity were measured in situ using an Exosond CTD (YSI Inc., Yellow Springs, United States), while depth was assessed using a dive computer. Temperature increased southward ranging 23-27.4 • C during the winter and 29.8-32.3 • C during the summer. Salinity increased northward raging 38-40.2 and 38.2-40.2 in winter and summer, respectively ( Supplementary Table S1 ). Seagrass species forming monospecific meadows (or large mono-specific patches within meadows) were surveyed at each location by snorkel or SCUBA (Figure 2) . We evaluated five species of seagrasses (H. uninervis, H. ovalis, H. stipulacea, T. hemprichii, and T. ciliatum). Only a few seagrass meadow locations in the Red Sea were known before starting these surveys; therefore, meadows were surveyed as encountered, thereby producing a limited dataset. For instance, meadows of T. ciliatum were only encountered in the northern region during the summer. Subsequently, the data for T. ciliatum are only included in the manuscript as a preliminary reference for the Red Sea ( Table 1 and Supplementary Tables S1, S2) but is not statistically analyzed or examined in the section "Discussion."
Seagrass Meadow Metabolic Rates (GPP, R, NP), GPP/R Ratio, and Biomass Seagrass meadow metabolism was measured in three to four replicated hermetic, translucent cores (9.5 cm diameter by 30.5 cm long) per species (Figure 2) . Seagrass cores (which included the seagrass community and sediment) were randomly collected by hand in each meadow (Figure 2) . Cores were placed into large incubators (122 × 50 × 40 cm) connected to a flow-through system using seawater from the study site. This maintained the in situ natural conditions of the meadow (e.g., temperature) during incubations. The following metabolic rates were assessed: GPP, R, and NCP. Additionally, we calculated the GPP/R ratio where values >1 and <1 indicate autotrophy and heterotrophy (e.g., the meadow is either a carbon sink or a carbon source, respectively). Cores were incubated for 3-4 h around midday (light) and at night (dark) with initial and final water oxygen concentrations recorded using a Fibox4 PreSens Oxygen Sensor (PreSens Precision Sensing, Germany). Sensors were brand new and did not required calibration. Before taking measurements with the probe, the water within the core was homogenized by mixing it gently. Oxygen concentration was assessed three times in different areas inside the core and then the average of these three aliquots was calculated for each measurement. Seagrass metabolic rates were calculated from the changes in oxygen concentration following Anton et al. (2011) . NCP and R were calculated by the difference between the initial and final dissolved oxygen concentration in the clear dark incubations respectively. GPP was estimated as:
Hourly rates were converted to daily rates by accounting for the light:dark hours per station and season, calculated using www.calculatorsoup.com. Daily rates were converted to surface units by taking into account the surface area of the core and the volume of water in the core.
At the end of the incubation, seagrass biomass in each core was assessed by rinsing the leaves of the seagrasses with seawater, gently removing the epiphytes, drying samples at 60 • C, and calculating the above ground biomass as: g DW m −2 (where g is grams and DW is dry weight).
Optimum Temperature of Seagrass Meadows
Metabolic thermal performance for seagrass meadows (e.g., GPP, R, and NP) was quantified by fitting a four parameter Sharpe-Schoolfield equation (Padfield et al., 2017; García et al., 2018) along the thermal gradient for each species:
where r(T) is the metabolic rate (mmol O 2 cm −2 h −1 ), k is the Boltzman's constant (8.62 × 10 −5 eV K −1 ), Ea rise is the activation energy (eV) up to a thermal optimum (T opt ; • C), T is temperature ( • K), E h characterizes temperature-induced inactivation of growth above T h -the temperature where half the enzymes are rendered non-functional -and r(T c ) is the metabolic rate normalized to a reasonable reference temperature, T c = 28 • C, where no low or high temperature inactivation is expected to be experienced. Equation 1 yields a maximum metabolic rate at an optimum temperature as follows:
Thermal performance curves were estimated for two species of seagrasses (H. stipulacea and T. hemprichii). For the other two TABLE 1 | Comparison of the mean (±SD) metabolic rates of seagrass species in the Red Sea with their global average reported in Duarte et al. (2010) .
Species
Source
Halodule uninervis
This study ( (Duarte, 1990; Duarte et al., 1995) . We were not able to analyze all nutrients in all the locations and species (see Supplementary Table S2 for number of replicates per variable and location and seagrass species) because for some locations there was not enough seagrass tissue to run the analyses.
Statistical Analysis
Temperature and latitude were tested as drivers in the variability of metabolic rates of seagrass meadows (GPP, R, and NCP) and GPP/R ratio for each dominant species. Linear regressions or non-linear models (e.g., a Sharpe-Schoolfield curve) were used to analyze the relationship between temperature and metabolic rates, because relationships was either linear (e.g., increasing) or a unimodal curve. Generalized linear models (GLMs) were used to assess the effect of latitude on metabolic rates of three meadow-forming seagrass species (H. uninervis, H. stipulacea, and T. hemprichii), but the data were only analyzed for the summer, because there was not enough data for the winter surveys. Similarly, GLMs were used to quantify the effect of latitude on the differential concentrations of %N, %P, and Fe (mg kg −1 DW) for seagrass leaves. In all the models, the response variable was calculated as the mean value per species per location to ensure statistical robustness. (Figure 3 and Supplementary  Table S3 ). Data obtained for H. uninervis and H. ovalis allowed us to capture only the rising phase of the thermal curve, with apparent optimum temperature at ≥31.5 and ≥32 • C for GPP and NCP, respectively (Figure 3 and Supplementary Table S3 ).
RESULTS
Red
There was no relationship between latitude and summer metabolic rates (GPP, R, NCP, and GPP/R ratio), except for the GPP rates of H. uninervis meadows, which increased toward the south during the summer (Figure 4) . Likewise, we did not find an effect of latitude on the nutrient concentration of leaves for three meadow-forming seagrass species (H. uninervis, H. stipulacea, and T. hemprichii; Figure 5 ). Mean (±SD) %N, %P, and Fe concentration (mg Fe kg DW −1 ) for seagrasses in the Red Sea was 2.43 ± 0.57, 0.18 ± 0.05, and 438 ± 515, respectively ( Supplementary Table S2 ).
DISCUSSION
Thermal Performance of Seagrass Meadows in the Red Sea
Our results show differential thermal performance among meadows dominated by one of four species of seagrass along a latitudinal gradient. Meadows dominated by either H. uninervis or H. ovalis were the most thermophilic, with optimum temperatures exceeding current summer temperatures in the southern Red Sea (Chaidez et al., 2017) . In fact, the highest GPP rate in our study (215 mmol of O 2 m −2 d −1 ) was recorded for H. uninervis in the lowest latitude during the summer (18.3 • N). This finding supports the contention that the seagrass genus Halodule ranks among the most thermophilic in the world (McMillan, 1984; Collier et al., 2011) . The optimum temperature for the metabolic rates of T. hemprichii was between 29.8 and 30.9 • C, while H. stipulacea had a thermal optimum between 29.7 and 30.6 • C across meadows. Our results suggest that the optimum temperature of Red Sea seagrass meadows increases along the sequence: H. stipulacea < T. hemprichii < H. uninervis ∼ H. ovalis, generally supporting previous findings of thermal performance for seagrass species (McMillan, 1984; Collier et al., 2011) . However, we found H. ovalis to be more tolerant to thermal stress than T. hemprichii, which contradicts previous experimental findings (Ralph, 1998; Campbell et al., 2006; Collier and Waycott, 2014) . These differences might arise from differential experimental designs. Our measurements were holistic and performed at the meadow level. We included local sediment and biota (i.e., epiphytes) associated with the meadow, while previous experiments assessed physiological performance at the seagrass level (i.e., incubations of just the plant). Thermal inhibition of metabolic performance has been shown for other organisms in the southern Red Sea during the summer (e.g., primary production and calcification on corals; Sawall et al., 2015) . We also document thermal inhibition in seagrass meadows of H. stipulacea and T. hemprichii in the southern region of Red Sea during the summer months -as indicated by a decrease in metabolic performance once passed the optimum temperature. The Red Sea is the warmest sea in the world and is currently warming at a rate almost twice the global average (Chaidez et al., 2017) . However, the optimum temperature for the metabolic functions reported here falls within the global range for tropical seagrass species of 27-33 • C (Koch et al., 2013) .
Respiration rates in Red Sea seagrass meadows were generally low compared to global estimates (e.g., on average about five times lower than reported values for H. uninervis and T. hemprichii globally; Duarte et al., 2010) , despite the elevated Supplementary Table S4. temperatures achieved during the summer. However, comparable low R rates were recently reported for pelagic food webs within the Red Sea (López-Sandoval et al., 2019) . The low R rates observed for seagrass meadows in the Red Sea could provide a mechanism to cope with thermal stress during high temperature peaks common in shallow water environments during the summer (Tanaka and Nakaoka, 2007) . This could also explain why we found a prevalence of autotrophic seagrass meadows in the Red Sea. Our results align with a recent report of also generalized autotrophic production in planktonic communities in the Red Sea (López-Sandoval et al., 2019) .
Our results suggest that the optimum temperature of Red Sea seagrass meadows differs among dominant species within locations. This indicates that there are potential variable responses among seagrass species to ocean warming within meadows. Meadows of H. uninervis and H. ovalis will likely be resistant to moderate future warming, and perhaps benefit from it initially. On the other hand, meadows of H. stipulacea and T. hemprichii might become less productive with ongoing and future projections of warming for the next few decades. This raises considerable concerns because these two seagrass species form extensive meadows throughout the Red Sea, with T. hemprichii contributing large standing stocks to above-ground seagrass biomass. In addition, meadows of these two species have been shown to provide important ecosystem services, such as the provision of food and shelter to higher tropic levels like fish and turtles (Khalaf et al., 2012; Kelkar et al., 2013 Kelkar et al., , 2015 .
Metabolic Rates of Seagrass Meadows in the Red Sea Compared to Other Locations
Red Sea seagrass meadows are relatively sparse, with the above ground biomass falling outside the lower range reported for the same species in other tropical regions . Similarly, metabolic rates of seagrass meadows in the Red Sea were low when compared with the same species in other tropical locations. Specifically, GPP and R rates for Red Sea seagrass meadows of H. uninervis and T. hemprichii in this study were below the global range (mean ± SD), with the exception of GPP Supplementary Table S5. for T. hemprichii that fell within the lower range of reported meadows in South East Asia . NCP rates of H. uninervis and T. hemprichii meadows were within the range of values reported in the tropical Indo-Pacific . This consistently positive NCP rates and >1 GPP/R ratio of seagrasses in the Red Sea are indicative of autotrophic ecosystems that act as carbon sinks. This was surprising as five species of seagrasses in the Central Red Sea (T. hemprichii, E. acoroides, H. stipulacea, T. ciliatum, and H. uninervis) were reported to be in the lower range of the organic carbon sink capacity of seagrasses (Serrano et al., 2018) , for which NCP can be used as a proxy. The mean ratio between GPP and R for H. uninervis and T. hemprichii meadows in the Red Sea were within the range, but about two times larger than the global mean values reported for these tropical seagrasses elsewhere . This further supports the potential capacity of Red Sea seagrass meadows to accumulate organic carbon in sediments. Although GPP/R ratio was high; meadow GPP rates for most of the seagrass locations were below the estimated threshold of 186 mmol O 2 m −2 d −1 , above which seagrass communities have been hypothesized to act as CO 2 sinks (GPP/R > 1, Duarte et al., 2010) .
Our metabolic rates for H. uninervis meadows diverge from those recently reported for a mixed meadow of H. uninervis and C. serrulata in the central Red Sea (Burkholz et al., 2019) . Their reported GPP and R rates were two and five times higher than what we recorded for mono-specific meadows of H. uninervis. Furthermore, NCP rates and GPP/R ratios were about nine and two times higher than in our study. The differences among studies might result from the difference in standing stock above ground biomass among meadows, which was about 20 times higher in the mixed meadow (average 269 g DW m −2 ; Burkholz et al., 2019) than in our mono-specific meadows (average 12 g DW m −2 ). This large difference in biomass could derive from several factors such as (i) mixed meadows achieve higher above ground biomass than the mono-specific meadows of the same species , (ii) we removed the epiphytes on the leaves which can achieve substantial biomass loads (Nelson, 2017) , but Burkholz et al. (2019) did not, (iii) differences in depth/light availability (0.5-5 m in our study and 0.7 m in Burkholz et al., 2019) , and (iv) potential differences in sediment composition.
Latitudinal Effects
The latitudinal effects on seagrass metabolic rates were speciesspecific, with H. uninervis meadows displaying a strong latitudinal pattern with GPP increasing toward the south during the summer. We did not find any latitudinal patterns for metabolic rates of T. hemprichii and H. stipulacea during the summer, suggesting possible regional acclimation in meadows of these species in the Red Sea. A similar finding was reported in the Red Sea for the ubiquitous coral P. verrucosa (Sawall et al., 2015) . Additionally, a lack of latitudinal patters were recently reported along the Red Sea for productivity of two macrophytes (the seagrass H. stipulacea and the macroalgae Turbinaria ornata) .
P and Fe Limitation
No latitudinal pattern was found for nutrient concentrations (N, P, and Fe) in seagrass leaves along the Red Sea. However, the low nutrient concentration recorded suggest that seagrass meadows in the Red Sea might be limited by the availability of P and Fe, since %P and the Fe concentration (mg kg −1 ) were <0.2% P and <600 mg Fe kg DW −1 , which are the thresholds for P and Fe sufficiency reported in seagrasses (Duarte, 1990; Duarte et al., 1995) . In carbonate-rich sediments, such as those associated with seagrasses in the Red Sea (Garcias-Bonet et al., 2019), P and Fe are often bound in unavailable forms (Ruiz-Halpern et al., 2008) . Within the rhizosphere, tropical seagrasses appear to mobilize P and Fe via plant-induced local acidification (Long et al., 2008; Brodersen et al., 2017) , leading to concomitant P and Fe release into the sediment porewater. To our knowledge, this study is the first documentation of potential P limitation on seagrasses in the Red Sea, although it has been reported on other comparable seagrass meadows in the Mediterranean Sea, Caribbean, and Coral Triangle (Perez et al., 1991; Agawin et al., 1996) . Low iron concentrations (<600 mg Fe kg DW −1 ) in the leaves of seagrasses were recently reported in the Red Sea , with two species, T. hemprichii and T. ciliatum, showing an Fe concentration below the critical threshold for seagrasses (<100 mg Fe kg DW −1 ; Duarte et al., 1995) , which is consistent with our current findings. Similarly, Fe-limitation on seagrasses has been shown on other tropical locations with carbonate-rich sediments (Duarte et al., 1995) . In the arid Red Sea, the lack of river inputs associates with low P and Fe inputs, with the main nutrient sources being inputs of water from the Indian Ocean in the south via the Strait of Bab al Mandab (Triantafyllou et al., 2014) and dust deposition (Jish Prakash et al., 2015) . Seagrasses in the Red Sea are likely to not experience N limitation, as the concentration in the leaves was >2%, the reported threshold for N sufficiency in seagrasses (Duarte, 1990) . Nitrogen fixation has been proposed as the main source of N for seagrasses in Red Sea, specially in the northern oligotrophic region .
Study Limitations
Several potential limitations arose from this study. The limited data available for H. ovalis and T. ciliatum meadows -due to limited knowledge on the local distribution of seagrass meadows before the surveys and logistical constrains during the tripsprecluded the analysis of metabolic rates along the latitudinal gradient. Depth is an important driver of seagrass metabolism, mainly because it affects the light reaching the plants (Dennison, 1987; Hemminga and Duarte, 2000) . The meadows sampled in this study were located at depths ranging between 0.5 and 7 m. However, with the exception of two locations (sites S1 and S2 in Duba at 7 and 5 m depth, respectively), seagrass meadows were <3 m in depth. This is likely a reasonable depth range to perform comparisons across locations with the largest depthdifference among meadows, with the same dominant species between site S2 (at 5 m) and S7 (0.5 m), which had H. uninervis and T. hemprichii as dominant species. When specifically looking at a potential effect of depth-difference for these meadows, we found contrasting effects for the species: T. hemprichii meadows increased in mean productivity with increasing depth (mean GPP in Farasan Banks at 0.5 m and Duba at 5 m were 98 and 131 mmol O 2 m −2 d −1 , respectively) while the mean productivity of H. uninervis meadows decreased with depth (mean GPP in Farasan Banks at 0.5 m and Duba at 5 m were 221 and 117 mmol O 2 m −2 d −1 , respectively; Figure 3) . Therefore, there is not a clear pattern with depth-difference across sites and species, suggesting that additional factors (e.g., latitude or local nutrient availability) may contribute to variation in the metabolic rates of seagrass meadows in the Red Sea. Finally, the water inside the cores was not mixed during incubations so as not to stir up the fine sediment and alter the turbidity of the water. This has the potential to introduce inaccuracy into the metabolic rate calculations and can led to an underestimation of the photosynthesis rates (Beer et al., 2001) .
CONCLUSION
This is the first report of metabolic rates of seagrasses across a broad latitudinal range in the Red Sea. Our data reveal comparatively low community metabolic rates of Red Sea seagrasses compared to tropical seagrass meadows of the same species elsewhere. These measurements at a broad spatial range improve our understanding into the ecological drivers of productivity in tropical seagrasses, for which temperature was identified as strong predictor in this warm and oligotrophic location. Earlier efforts at assessing seagrass metabolism reported geographic imbalances in the spread of the data available. Our results help address this gap for the Red Sea, a poorly explored biodiversity hot-spot for seagrasses (El Shaffai, 2011) .
